The results of a prospective trial of the use of the Hughes unilateral external fixator in the management of 48 tibial diaphyseal fractures are presented. Good results were obtained in grade II and III fractures but not in closed and grade I fractures.
Introduction
Over the last ten years the evolution of external fixation has followed two main pathways. Some external fixators have become increasingly complex so as to have sufficient versatility to deal with all clinical situations. .Other-frames have become simpler in design and have returned to the unilateral design employed by Lambotte (1913) . These unilateral frames are advantageous in terms of the soft tissue access which they permit, their low cost and their relative ease of application. Their principal drawback is their restricted use. Although they have been used to stabilize non-unions, arthrodeses, osteotomies and pelvic fractures (Court-Brown & Hughes 1982) , their main application is in the treatment of diaphyseal long bone fractures. Burney (1979) and Behrens (1982) have recently advocated that unilateral forms of the more complex Hoffman and AO fixators should be used to treat diaphyseal fractures.
As with all external fixators, unilateral frames can be applied in a considerable number of different configurations. The emphasis of most recent work has been in finding the stiffest configuration of particular fixators (Evans et al. 1979 , Egkher et al. 1980 or in comparing different fixators to find the stiffest frame (Campbell & Kempson 1980 , McCoy et al. 1983 ). Despite careful theoretical analysis of the ideal fixator configuration, it may be impossible to apply this in the clinical situation because of the nature of the fracture or the soft tissue damage. This paper documents the use of the Hughes unilateral fixator in the treatment of tibial fractures and examines the different variables of the fixator to see whether altering the configuration of the device changed the time to union or the numbers of malunions in different grades of tibial fractures.
Methods
Forty-eight tibial fractures were stabilized with the Hughes external fixator (Figure 1) between March 1980 and March 1983. Thirty-four males and thirteen females were treated, one female patient having bilateral fractures. The age range was 13 to 80 years (mean 36.9). The age distribution is shown in Figure 2 .
Three fractures were situated in the upper-third of the tibia, 18 in the middle, and 19 in the lower-third; eight fractures were segmental in type. Using Gustilo's fracture grading classification (Gustilo 1982 the grade II fractures. The remaining 9 grade II fractures were externally fixed after the failure of conservative management. Both the grade I fractures were short, oblique fractures treated by primary external fixation. Five of the closed fractures were externally fixed following fasciotomy for compartment syndrome and 2 because of failure of initial conservative management. Two closed segmental fractures were treated primarily with the Hughes device.
Union occurred in all cases except for one closed and one grade II fracture which remained ununited after eight months and one year respectively. Two of the grade III fractures required subsequent amputation, and the time to union for the remaining 44 fractures is shown in Table  1 . Bone-grafting procedures were performed in 22 patients, the requirement and timing of these procedures being decided by the individual surgeon. Nineteen of the bone-grafting procedures were performed at least eighteen weeks after the fracture.
The particular configuration of each fixator was decided at the time of surgery after consideration of the type of fracture and the extent of the soft tissue damage. After the application of each fixator, accurate measurements were made of the pin angles, pin locations and pin lengths. The location of the fixator bar, the adequacy of fracture reduction and the subsequent duration of external fixation were noted, and all factors correlated with the eventual time to union and the presence of a malunion. Pin angle: The angle was measured between the transfixion pin and a horizontal line joining the point of pin entry and the fixator bar, the angle being either convergent or divergent ( Figure 3 ). Earlier biomechanical analysis of the Hughes fixator had suggested that the stiffest configuration was obtained with the outer pins parallel and entering the tibia at 900, with the inner pins either similarly parallel or converging up to 150; the stiffness of fixation was found to decrease if the pins diverged or the inner pins converged at more than 150 (Court-Brown 1984) .
Patients were divided into two groups depending on the pin angles. In Group 1 all pins were either at 900 to the bone or the inner pins converged at an angle of up to 150. Group 2 contained all other, less stiff, configurations.
Pin location: The distance between the fracture and the site that the transfixion pin entered the bone was measured (Figure 3 ). Where the fracture was not transverse a central reference point was used. Earlier biomechanical analysis of the fixator had shown that pin location affected the stiffness of fracture fixation, the stiffness varying directly with the distance between the outer pins and indirectly with the distance between the inner pins. Taking the dimensions of the fixator into account, patients were divided into two groups dependent on pin location. In Group 1 the outer pins were at least 20 cm apart with the inner pins less than 8 cm apart. Group 2 contained the other, less stiff, configurations.
Pin length: This equalled the distance between the bone and the fixator bar ( Figure 3 ). Where a bar had been applied at an angle to the limb the distance at the mid-point of the bar was measured. As any increase in pin length decreases stiffness of fixation, patients were divided into three groups dependent on the pin length. In Group 1 the fixator bar was between 2.0 and 3.5 cm from the bone; in Group 2 it was situated between 3.6 and 5.0 cm; and in Group 3 it was between 5.1 and 6.5 cm from the bone.
Fixator location: Of the 44 fractures that united, 32 were treated with a fixator placed on the anteromedial, subcutaneous surface of the tibia. The remaining 12 were placed laterally. Time to union: This was taken as the time to clinical union when full mobilization of the unsupported limb was permitted.
Malunion: This was defined as being present if there was more than 50 of angular or rotational deformity or more than 1 cm of shortening. These criteria are identical to those used by Edge & Denham (1981) in discussing the results of their unilateral fixator. Seventeen of the 44 fractures (38.6%) healed in a malunited position. Table 6 Student's t test was used. In the remaining tables the permutation t test was used. 
Statistical analysis: In

Results
Minor degrees of compounding were demonstrated by Ellis (1958) not to affect bone union, and in this study the results of the closed and grade I open fractures have been combined for comparison with the grade II and III results. Table 1 indicates that the average time to union is affected by the grade of the fracture although the malunion numbers are not. The longest time to union was seen in grade III fractures,'but the closed and grade I group had a slightly longer union time than the grade II fractures. Tables 2-4 suggest that alteration of pin angle, pin location and pin length has no effect on either the numbers of malunions or the average time to union. Similarly alteration of the location of the fixator bar (Table 5 ) did not influence the final outcome of the fractures significantly.
To investigate the effect of the initial reduction and the duration of external fixation, the grade II fractures were examined. The closed and grade I group were excluded because of the small sample size and the grade III fractures were not examined as the severity of the soft tissue injury dictated the length of time that the fixator was retained. The grade II fractures were divided into four groups based on the adequacy of reduction and the duration of fixation (Table 6) . A good reduction was defined as less than 5°of angular or rotational deformity but with no shortening. The period of six weeks was chosen because of an initial clinical impression that when fixators were removed prior to this time there was a significant redisplacement rate. Comparison of the results for Group 1 in Table 6 with the combined results of the other three groups demonstrated a significant decrease in the average time to union in fractures externally fixed for at least six weeks following a good initial reduction. There were no malunions and no bone grafting was required in this group. In contrast all fractures with an initial malreduction showed a subsequent malunion despite any attempts at later fixator adjustment, and 50% of these fractures required bone grafting to promote union. Examination of the malunions showed that 11 (64.7%) had a recurvatum deformity (range 8-30°). In two cases the recurvatum was associated with a varus deformity and in one case with significant shortening. There were 3 varus malunions (range 12-34°) and one valgus deformity of 120. Six patients showed shortening of 2.5-5.0 cm. Significantly shorter time to union in Group 1 compared with combined results of other three groups (0.02 > P> 0.01)
Complications
Infection: A pin-track infection was defined as a persistent discharge from a pin site from which a positive culture was obtained. Fourteen patients developed a discharge and 12 (25.5%) had a pin-track infection. The infecting organisms were Staphylococcus aureus (4), Staphylococcus albus (3), Escherichia coli (2), Streptococcus species (1) and Enterococci (1). Eleven of the pin-track infections were successfully treated, but in one patient with a grade III fracture the placement of a pin into a loose bone fragment resulted in pin-track sepsis which progressed to a deep infection. This was successfully treated with antibiotics. There were two (4.2%) deep infections, the second also occurring in a grade III fracture. This patient had an ipsilateral femoral fracture with a two-inch loss of bone stock; the combination of a short femur and tibial osteomyelitis encouraged him to seek below-knee amputation and this was performed.
Amputation: Two patients (4.2%) required amputation-the one referred to above and the other a 68-year-old man with a grade III tibial fracture who had an above-knee amputation performed two weeks after admission because of the severity of the other injuries to his leg. Pin loosening: This occurred in 7 patients (14.9%) although only 2 (4.2%) required pin replacement. Pin loosening was not found to be a clinical problem.
Neurologicalproblems: Two patients (4.2%) developed neurological problems, one developing a lateral popliteal nerve palsy soon after the application of a laterally placed fixator and the second developing a sural nerve palsy. Both recovered after removal of the fixator, although1ini neither case did the pins seem close to the relevant nerve. Joint stiffness: Nine patients had severe ankle or subtalar stiffness; all had had their fixators applied for less than six weeks and had therefore spent a longer time in a cast.
Discussion
Much has been written about the biomechanical properties of external fixators (Lindahl 1962 , Campbell & Kempson 1980 , McCoy et al. 1983 ). Most authors agree that a high stiffness of fracture fixation is desirable (Evans et al. 1979 , Fischer 1983 although Burney (1979) dissents from this view, suggesting that external fixation of low stiffness is preferable as callus formation is facilitated. It has been shown in the laboratory that the relative stiffness of fixation of the Hughes fixator can be changed by altering the relative angles and position of the pins as well as the distance between the fixator bar and the limb (Court-Brown 1984) . However, Tables 2-4 suggest that in clinical use none of the different configurations of the Hughes that were used to stabilize this series of tibial fractures altered either the mean time to union or the numbers of malunions. This suggests that clinically useful configurations of the Hughes fixator will adequately hold a tibial fracture and also that the importance of the ideal fixator configuration may have been over-stressed in the past.
The two factors that did seem to affect the prognosis of a fracture were the length of time that the external fixator was applied and the adequacy of initial reduction. Initially, it was our belief that an external fixator should only be used to stabilize a fracture for the duration of soft tissue healing. However, it was found that .in the grade I and II fractures where the fixator could be removed after three or four weeks, a number of fractures redisplaced. It was therefore decided to prolong the duration of external fixation, and Table 6 shows that where grade II open tibial fractures were externally fixed for at least six weeks following an adequate initial reduction, there was a mean union time of 18.3 weeks and no fracture required bone grafting. Failure to adequately reduce the fracture not only prolongs the union time but increases tlle need for later bone grafting. We would therefore agree with Green (1981) that an external fixator should be kept in place for at least six weeks.
The importance of good initial fracture reduction cannot be overemphasized. Table 6 shows that all fractures which were initially malreduced ended up in a malunited position. De Bastiani et al. (1984) have stated that malunions can be easily corrected during treatment. While this may theoretically be true in the early stages of treatment, we did not find it to occur in practice and would advocate a good initial fracture reduction.
The apparent delay in achieving initial fracture stability is explained by examining the relative stiffness of the Hughes external fixator. It is known that rigid external fixation, like rigid internal fixation, will diminish callus formation (Hey Groves 1921 , Yamagishi & Yoshimura 1955 , Court-Brown 1985 . Not only is the formation of callus retarded, but the total amount formed varies directly with the stiffness of fixation. This is illustrated in Figure 4 in a tibial fracture showing a greater amount of callus on the cortex furthest from the fixator. The effect on callus formation not only accounts for the initial delay in achieving fracture stability but also for the increased need for bone grafting to bridge any defects created by a malreduction.
Union time also depends on the grade of the fracture (Table 1) . Our results show a prolonged time to union in the closed and grade I group, with reasonable results in the other grades. Unfortunately many of the compound fractures in other series dealing with external fixation have not been graded according to severity and cannot be used for comparison. However Krempen et al. (1979 ), Lawyer & Lubbers (1980 and Karlstrom & Olerud (1983) have studied combined grade II and III compound tibial fractures treated with the Hoffmann fixator: their mean union times of 41, 32.5 and 31.2 weeks respectively compare well with the time of 31.9 weeks for the combined groups in the present series.
The poorest results were gained in the closed and grade I group, where the union time of 29.2 weeks greatly exceeds the published union times of simple tibial fractures (Sarmiento 1967 , Haines et al. 1984 . Interestingly, Lawyer & Lubbers (1980) also found that their closed and grade I fractures healed more slowly than the grade II fractures, and the possible reason for this requires further investigation.
Five of the closed and grade I fractures were externally fixed following fasciotomy performed because of compartment syndrome, and 2 further fractures were segmental in type. These 7 fractures were probably associated with greater soft tissue damage than usually occurs in apparently minor tibial fractures. Of the remaining 4 fractures, one was malreduced. The role of compartment syndrome in delaying fracture union is unknown, although Karlstrom et al. (1975) showed a 65.2% delayed or nonunion in tibial fractures after compartment syndrome. It is probable that the poor results were at least in part the result of external fixation being used for more complicated closed and grade I tibial fractures.
The complication rate was low. Pin track-infection has been reported to occur in between 0.03% (De Bastiani et al. 1984 ) and 80% (Velazco & Fleming 1983 ) of cases. Behrens (1982) reported a 7.5% pin-track sepsis rate using the AO fixator, and Benum & Svennigsen (1982) found 50% using the Hoffmann. Burney (1979) felt that pin-track sepsis increased with time, but this did not occur in our series where infection was rare after three to four weeks. Pin-track infection led to deep infection in one patient because a transfixion pin was placed in a loose bone fragment. All other pin-track infection responded to pin removal supplemented, if necessary, by antibiotics. There were 2 deep infections (4.2%) both occurring in grade III fractures. Although Karlstrom & Olerud (1975) reported a 0% deep infection rate using the Hoffmann, and Edge & Denham (1981) a 30% rate with the Portsmouth frame, most authors have reported an infection rate of between 2% and 8% (Krempen et al. 1979 , Burney 1979 , Benum & Svennigsen 1982 .
This study indicates that the Hughes external fixator can be used successfully to treat grade II and III compound tibial fractures and that the results are comparable to those achieved with the more complex Hoffmann device. Its use in closed and grade I fractures, however, cannot be recommended. The actual configuration of the device that is used in clinical practice appears to be of less importance than the adequacy of the initial reduction and the duration of external fixation.
